With the miniaturization of a solid, quantum and interface effects become increasingly important. As a result, the band structure of a nanometric semiconductor changes: the band gap expands, the core level shifts, the bandwidth revises, and the sublevel separation within a band increases. Unfortunately, such a thorough change goes beyond the scope of currently available models such as the 'quantum confinement' theory. A consistent understanding of the factors dominating the band-structure change is highly desirable. Here we present a new approach for the size-induced unusual change by adding the effect of surface-coordination deficiency-induced bond contraction to the convention of an extended solid of which the Hamiltonian contains the intraatomic trapping interaction and the interatomic binding interaction. Agreement between modelling predictions and the observed size dependency in the photoluminescence of Si oxides and some nanometric III-V and II-VI semiconductors, and in the core-level shift of Cu-O nanosolids has been reached. Results indicate that the spontaneous contraction of chemical bonds at a surface and the rise in the surface-to-volume ratio with reducing particle size are responsible for the unusual change of the band structure of a nanosolid.
Introduction
The striking significance of a nanometric solid is that conventionally detectable quantities are no longer constant but are tunable by simply controlling the shape and size of the solid. The continuous change of the properties has been leading to a revolution in materials science and device technology. However, from a fundamental point of view, a consistent understanding of the origin and trend of the size dependency of a nanosolid is still lacking. This paper focuses on the band structure of a nanosolid aiming to show that a modification of the 'quantum confinement' theory is necessary. It is shown 3 Author to whom correspondence should be addressed.
that the spontaneous bond contraction due to the coordination deficiency at the surface and the rise in the surface-to-volume ratio result in the observed size dependency of the band structure of a nanosolid.
Overview
For electronic and optical properties, nanostructured semiconductors exhibit similar trends of band-structure change on reducing the dimension of the solid [1, 2] . The observable changes may be summarized as follows:
• The band gap expands with reducing particle size, which gives rise to the blue shift in the photoluminescence (PL) and photoabsorbance of nanometric semiconductors such as Si oxides [3] [4] [5] [6] [7] , III-V [8] (GaN [9, 10] , GaP [8] , InP [11, 12] , InAs [13] ), and II-VI (CdS [8, [14] [15] [16] , ZnS [17] , CdSe [8, [18] [19] [20] [21] , ZnTe [22] , CdTe/CdZnTe [23] ) compounds.
• The energy levels of the core bands and the adsorbateinduced chemical shifts move simultaneously towards higher binding energy (in absolute value). X-ray photoelectron spectroscopy (XPS) revealed that the main core-level peaks and the oxide satellites of Cu 2p 3/2 [24] (−932.1, −940.1 eV), Sn 3d (−484.4, −486.7 eV) [25] , Sn 4d (−26, −31 eV) [25] , Ta 4f 5/2 (−23.4, −26.8 eV) [25] , and Ta 4f 7/2 (−31.6, −36.5 eV) [25] , move simultaneously up and the amounts of change depend on the original core-level position and the particle size. Photoemission from highly oriented pyrolytic graphite [26] shows two C 1s components separated in binding energy by 0.12 eV. The higher binding-energy component of the C 1s is ascribed to atoms in the outermost atomic layer and the other to the bulk. The latter increases its intensity with incident photon energy. Two distinct components in the Ru 3d 5/2 core-level spectra have also been resolved from the clean Ru(0001) surface with XPS [27] . With the addition of oxygen to the Ru(0001) surface, the Ru 3d 5/2 core-level peaks shift up further by up to 1.0 eV. It has been found that the clean Rh(100) surface has a core-level shift of −0.65 eV relative to the bulk, while with oxygen addition the shift extends −4.0 eV further towards higher binding energy [28] . These observations confirm that the particle size and oxidation have important effects on the core-level shift of nanometric compounds, which is of great value in understanding the nature of the nanometric system.
• Because of band-gap expansion, the complex dielectric constants of a nanometric semiconductor are significantly suppressed [29] , which leads to the blue shift in photoabsorbance. The reduction of dielectric constant can also enhance the Coulomb interaction among electrons, holes, and ionized shallow impurities in nanometric devices, and enhances the exciton binding energy [30] .
There have been conflicting models for the various observations. For example, the size-induced core-level shift of the Cu-O nanosolid was attributed to the enhancement of ionicity due to the reduction of particle size. It means that the oxygen bonds to the Cu in a nanosolid more strongly than do oxygen atoms to the Cu atoms inside the bulk [24] . The enhanced corelevel shift at the interface between the metallic substrate and the O-Sn and O-Ta covered metallic clusters is attributed to the contribution of interfacial dipoles of the nanoparticles [25] .
The elegantly accepted model for the band-gap expansion of a nanometric semiconductor is the quantum confinement theory [31] . Efros and Efros [32] firstly proposed, in 1982, the quantum confinement effect based on the experimental findings by Ekimov and Onushchenko [33] of the size effect on the blue shift in the main exciton absorption of CuCl (30 Å) nanocrystallite. The confinement effect on the band gap, E G , of a nanosolid of radius R was expressed as [32] 
where 1/µ = 1/m * h + 1/m * e , being the reduced mass of an electron-hole (e-h) pair, is an adjustable parameter. This model was further extended by Brus [34] and Kayanuma [35] to include the terms of Coulomb interaction of an e-h pair of R separation and the correlation energy. The modified band gap is expressed as a function of particle size:
where E R is the Rydberg (spatial correlation) energy for the bulk semiconductor:
The effective dielectric constant ε r and the effective mass, µ, describe the effect of the homogeneous medium in the quantum box. For CdS [35, 36] , ε r = 5.5, m e = 0.19, and m h = 0.8. According to the quantum confinement theory, electrons in the conduction band and holes in the valence band are confined spatially by the potential barrier of the surface, or trapped by a mono-potential well of the quantum box. Because of the confinement of both electrons and holes, the lowest energy optical transition from the valence to the conduction band increases in energy, effectively increasing the band gap. The energy of the freely moving carriers is responsible for the bandgap expansion, and the width of the confined band gap grows as the characteristic dimensions of the crystallite decrease [37] .
Later development of the quantum confinement theory shows that the relation of E G = D −n (n =1.16 [38] , 1.3 [19] , 1.37 [11] ) fits better the size-dependent band-gap expansion and the n values depend on data sources. Nevertheless, it is important to recognize that quantum confinement is a very helpful first-order approximation, and can be used to estimate changes in energy levels, exciton and related energies, as a function of dot size, larger than several nanometres. It is no surprise convergency problems arise when the solid is very small.
Most recently, Glinka et al [5] proposed a free-exciton collision model and suggested that, during the measurement of the PL of a nanosolid, the excitation laser heats the free excitons that then collide with the boundaries of the nanometre-sized fragments. The laser heating the free-excitons up to a temperature in excess of the activation energy required for the self-trapping gives rise to the extremely hot self-trapping excitons (STEs). Because the resulting temperature of the STEs is much higher than the lattice temperature, the cooling of STEs is dominated by the emission of lattice phonons. However, if the STE temperature comes into equilibrium with the lattice temperature, the absorption of lattice phonons becomes possible. As a result, the blue shift of the STE-PL band is suggested to originate from the activation of hot-phonon-assisted electronic transitions. The blue shift of the STE-PL band depends on the temperature of laser-heated free excitons that in turn is determined by the size of nanometre-sized (silica example considered only) fragments. This happens because the temperature (kinetic energy) of the laser-heated free exciton increases with the number of collisions with the boundary of confined regions, which tends to be higher with decreasing size of silica fragments in nanoscale materials. The energy gained from laser heating of the exciton increases with decreasing nanoparticle diameters in an exp(1/D) way. Based on the analysis, Glinka et al [5] suggested that the size-dependent PL peak shift of a nanosolid in general does not need to be always related to the quantum confinement effect.
Other phenomenological models for the blue shift in PL of nanosolids include the impurity centres [39] , surface alloying [40] , cluster interaction, and oxidation effect [41] . However, all the models mentioned above only deal with the blue shift in the PL other than the change of the entire band structure. From a fundamental point of view, origins for the band-structure change of a nanosolid are far from clear yet. Figure 1 illustrates the evolution of the energy levels of a single atom to the energy bands of a bulk solid containing N atoms. Electrons of a single atom confined by the intraatomic trapping potential, V atom (r) = −∞, move around the central ion core in a standing-wave form inside the potential well. The corresponding eigenfunctions and eigenenergies are given as follows:
Theory

Band structure and dominating factors
where d = 2r is the dimension of the potential well and m e is the mass of an electron. Different l values correspond to the different energy levels and the separation between the closest two levels depends on (l + 1) 2 − l 2 . When a system contains two atoms, a single energy level splits into two sublevels and the separation between the two sublevels is determined by the interatomic binding potential. Increasing the number of atoms to N, the single energy level will expand into a band in which there are N sublevels. It is known that the number of atoms (N) of a solid determines the number of sublevels in a particular energy band. What distinguishes a nanosolid from a bulk solid is that for the former N is accountable, while for the latter N is too large. Therefore, classical band theories are valid for a single nanometric solid that contains at least 10 2 atoms. As detected with XPS, the density of states (DOS) of a core band for a nanosolid exhibit band-like features rather than the discrete energy levels of a single atom. If N is sufficiently small, the separation between sublevels is resolvable, which According to band theory [42] , the Hamiltonian of electrons inside a solid is in the form
where V atom (r) is the intraatomic trapping potential of an isolated atom andĤ = V crystal (r) = V crystal (r + R C ) is the periodic potential of the surrounding atoms, i.e. the interatomic binding potential or crystal field. R C is the lattice constant. According to the nearly-free-electron approximation, the gap (E G ) between the conduction band and the valence band originates from the crystal field and the width of the gap depends on the integration of the crystal field in combination with the Bloch wave of the nearly free electron, φ(k l , r):
where k l is the wavevector and k l = 2lπ/R C . Therefore, E G is simply the first Fourier coefficient of the crystal field.
The energy dispersion in a core band follows the relation
(for an fcc structure example)
where E ν = φ ν (r)|Ĥ 0 |φ ν (r) is the energy of the core electron of an isolated atom,
is the crystal field effect on the core electrons of the specified coordinate r, and
is the crystal field effect on the coordinate neighbouring electrons. The sum is over all contributing coordinates (z) surrounding a particular atom in the solid.
Equations (6) and (7) indicate that the band gap E G , the core-level shift E C = (β + 2α), and the bandwidth E B (last term in equation (7)) are all functions of the crystal field. Without the crystal field, neither the band gap nor the corelevel shift would be possible. Without the interatomic binding, no solid or even liquid would form.
It is now clear that any variation of the crystal field will cause changes of the corresponding derivatives:
We now look at the possible mechanisms that could modify the crystal field, V crystal (r). It is noted that the crystal field is a function of atomic distance and the nature of the chemical bond. Different types of interatomic potential describe different kinds of chemical bonds. If the atomic distance, or bond length, relaxes spontaneously, the crystal field will be enhanced. Chemical reaction in which charge transport dominates not only reduces the 'screening effect' of the core electrons, but also alters the nature of the bond. Therefore, shortened bond length and altered bond nature will enhance the binding energy and, consequently, the crystal field of the solid [43] . On the other hand, chemical reaction will repopulate with electrons in the valence band, which will expand the band gap extrinsically [44] .
Surface versus nanosolid: coordination deficiency and barrier confinement 3.2.1. Surface bond contraction.
It is worth emphasizing that the termination of the lattice periodicity in the surface normal has two effects. One is the reduction of the coordination numbers (CNs) of surface atoms and the other is the creation of a surface potential barrier [45] . Pauling [46] and Goldschmidt [47] indicated that if the CN of an atom reduces, the ionic and metallic radius of the atom would shrink. It is reasonable to extend this initiative to atoms at a surface. The CN reduction, or CN deficiency, at a surface will shorten the remaining bonds of the surface atom. The CN-induced bond contraction is independent of the nature of the specific chemical bond [48] or the dimension of the solid [49] . Figure 2 shows the CN dependence of the reduced bond length, c i (z i ). The solid curve formulates the Goldschmidt premise which states that an ionic radius contracts by 12%, 4%, and 3% if the CN of the atom reduces from 12 to 4, 6, and 8, respectively. Feibelman [50] has noted a 30% contraction of the dimer bond length of Ti, Zr and a 40% contraction of the dimer bond length of vanadium, which is also in line with the formulation. The Goldschmidt contraction can be formulated as
From a study of interatomic distances of the C-C bonds of organic chemistry, Pauling deduced the relation [46] 
where r(1) is the radius of a single bond, or dimer bond. r(v/z) is the radius of an s-fold bond and s = v/z, where v is the number of valency bonds and z 0 is the number of equivalent coordination. As an illustration of the use of this relation, the radius of Ti will be computed as an hcp from the data of Ti as bcc. As a bcc, the radius of Ti is 1.442 Å, and there are eight bonds of this length. The next closest bonds are six situated 1.667 Å from any given Ti atom. These values are calculated from the known lattice parameter of 3.33 Å. The valence, v, of Ti is four. The problem is to determine what fraction of these bonds are associated with the eight near neighbours and with the six others removed from these. From equation (10),
and
where x is the number of bonds associated with the eight near neighbours and 4 − x is the number associated with the other six bonds. Subtracting (11) from (12) 
Appendix A combines Goldschmidt and Pauling's lists of electronegativity (η), metallic (ionic) valencies, and metallic (ionic) radii of the elements. Pauling's theory introduced here contains numerous assumptions and it is somewhat empirical in nature. However, it does give some surprisingly good answers in certain cases, as commented by Sinnott [48] . There exists sufficient evidence for the bond contraction at surfaces. For instance, about a 10% reduction of the first layer spacing of the (Ru [51] , Co [52] , and Re [53] )(1010) surface has been detected by low-energy electron diffraction (LEED) measurements and by density functional theory calculations. The interlayer distance between the first and second layer of the diamond (111) surface was reported to be ∼30% smaller than the interlayer spacing in the bulk, which leads to a substantial reduction of the surface energy [54] . Sun [55] [56] [57] has found that with very-low-energy electron diffraction (VLEED) optimization, the O-Cu bond contraction (4-12%) forms one of the four essential stages of the O-Cu(001) bond forming kinetics, and about 10% bond contraction for O-Cu(110) is necessary [58] . The bond contraction (by 12-14%) was further confirmed by measuring the enhanced surface stress and Young's modulus of nitride surfaces [59] . Most of the metals show considerable bond contraction at outermost layers of the surfaces, though conflicting results have been reported. The outermost layers of the Be(0001) and Mg(0001) surfaces and the dimer bond lengths of the II-b elements of Zn, Cd, and Hg were reported to expand [50] . However, Goldschmidt and Pauling's premises emphasized that the bond contraction depends only on the reduction of the CNs of atoms and is independent of the bond nature and the constituent elements. Reconfirmation of the extraordinary expansion may be necessary. Even though it is true, the extraordinary expansion has no adverse effect on the current approach as any spontaneous process occurs towards minimizing the system energy. What we need is to expand the domain size of the adjustable parameter, as will be discussed.
Surface potential barrier.
The potential barrier is the intrinsic feature of a surface, which confines electrons moving inside the solid. The shape and saturation degree of the potential barrier at a surface depend on the surface chemical states [60] , but the height of the potential barrier approaches the muffin-tin inner potential constant of atoms inside the solid [61] [62] [63] . However, the potential barrier at the surface has no influence on the strongly localized valence electrons or the bonding electron pairs. According to the quantum uncertainty principle, reducing the dimension (D) of the space inside which energetic particles move increases the fluctuation, rather than the average value, of the momentum (or kinetic energy) of the moving particles such as electrons or holes:
Therefore, the surface potential barrier confinement does not cause any energy rise of the freely moving electrons. centre of the particle. c i should be anisotropic and depend on the CN. The c i should also vary with the particle size due to the change of the surface curvature.
Surface bond contraction, binding energy, and the surface-to-volume ratio
For the spherical dot example, the volume of the ith atomic shell is V i = 4πR 3 /3. Then the number, or volume, ratio of the ith atomic shell to the bulk sphere is
Generally, the surface-to-volume ratio for a solid (L = 0) or hollow (L > 0) spherical dot (τ = 3), rod (τ = 2), and plate (τ = 1) can be expressed as
where τ is the dimensionality of the solid and L is the radius of the hollow inside the solid. L > 0 describes hollow structures such as nanotubes or spherical shells. As K is an integer, property change will show quantized features at small particle sizes. The definition of dimensionality here differs from convention in which a nanosphere is defined as zerodimension (quantum dot), a rod as one dimension (quantum wire), and a plate as two dimension (quantum well).
Size dependency of a band structure
A physical quantity, Q, for a nanosolid can be expressed as Q(D), and as Q(∞) for a bulk solid. Q(D) relates to Q(∞) = Nq 0 as follows:
q 0 and q s correspond to the Q value per atomic volume inside the bulk and in the surface region, respectively. N s = N i is the number of atoms in the surface atomic shells. Equation (7) leads to the relation
Therefore, γ i governs the trend of change and q i /q 0 is the origin for the size dependency of any extended quantity Q (volume related) of a nanosolid. Letting Q be the crystal field and considering the contribution of the outermost three atomic layers, one obtains the size-induced crystal field change of a solid [43, 64] :
where V(r, nN) is the total binding energy of the solid composed of n particles and, with each particle, there are N atoms.
The binding energy density v(d i ) ∝ ε i
, where ε i is the interatomic binding energy at equilibrium atomic separation. describes the contribution of cluster interaction, which becomes insignificant on increasing the particle size. For a single particle, V (D) = 0. Equations (7), (8) , and (19) represent the fact that the band-structure change of a nanometric system results from the surface-bond contraction (c i ) and the rise in surface-to-volume ratio that depends on the shape (τ , L) and size (K) of the particles as well as the form of atomic interaction (m). Table 1 lists the parameters used in simulating the size dependency of the band gaps of nanometric compound semiconductors. Bond contraction of 12% and 4% was applied, respectively, to the first two atomic layers of a spherical dot. The bond length in the bulk takes the values of covalent bond of the corresponding materials [48] . Figures 4-6 compare the simulation results with the relative PL shift observed for SiO x , InP, InAs, CdS, and CdSe nanosolids.
Analysis
Band-gap expansion
It can be seen from figure 4 that the curve of m = 4 follows better the observed trend of SiO x nanoparticles (Exp−01) [3] than the curve of m = 2 with an 18-27% offset, described in [65] . This trend also agrees with the band-gap expansion determined with XPS from the Si : H nanosolids [66] . The other two sets of experimental data (Exp−02, and Exp−03) [7] deviate slightly from the data of Exp−01. The deviation may Table 1 . Summary of simulating parameters for the band-gap expansion of nanometric semiconductors. . Agreement between prediction and observations of the PL blue shift of nano-sized Si oxide (Exp−01 after [3] , Exp−02 and Exp−03 after [7] ).
arise from the accuracy in determining the shape and size of the particles and from the uncertain extent of chemical reaction.
The extent of reaction determines the E G which was used as a scale to normalize the entire set of PL data. The broad distribution of the data for InP, InAs, CdS, and CdSe in figures 5 and 6 may be due to the same reason. However, all the data follow the similar trend of m = 4-6. The cluster interaction ( in equation (16)) seems to play an insignificant role in the band-gap expansion of nanosolids. The general trends of the simulated PL peak shift show that the size-induced frequency shift varies little with the materials (figures 4-6) and with the crystal structures (wurtzite and Zn-blende in figure 6 ), as noted by Yoffe [1] . It should be noted that the band gap of the bulk compound varies with the extent of chemical reaction [43, 67, 68] . For example, the E G for SiO x varies from 1.12 (Si) to 9.0 (SiO 2 ) eV. Therefore, it is not realistic to fit the measured data perfectly without considering the possible errors in experiment and the effect of surface passivation. Our attention, however, should focus on the trends of change and their origins.
Core-level shift of CuO
The modelling predictions also agree with the trends of corelevel shift for the O-Cu, O-Sn, and O-Ta nanosolids and Ru(0001) and Rh(001) surfaces with and without chemisorbed oxygen. This evidences that the enhanced core-level shift results from two effects: coordination deficiency and catalytic Figure 5. Simulation of the frequency shift in InAs [13] and InP [11, 12] nanosolids. . Simulation of the PL shift of Zn-blende (I) and wurtzite structure (II) of CdS [8] and CdSe [8] nanosolids.
passivation at the surface. The XPS profiles for the CuO nanoparticles [17] in figure 7(a) show the main peaks and the satellites due to oxidation. Both the satellites and the main peaks become sharper when they shift towards higher binding energy. Based on equation (4), we have the relation for the core-level shift:
Assuming that m = 4 is also valid for O-Cu, we can use the measured data to estimate the Cu 2p 3/2 energy level, E v , the core-level shift, E C (∞), of bulk Cu and bulk CuO, as given in table 2. 
The predicted size-dependent bandwidth (m = 4, z 1 = 4, and z 2 = 6) shown in figure 7(b) indicates that the bandwidth shrinks with reducing particle size, which agrees with the trends in XPS measurements as given in figure 7(a) [24] . The observed peak intensity increases and the peak-base width (rather than the full width at half maximum which describes the distribution of the occupied DOS in the core band) decreases on reducing the particle size. It is understandable that the number of electrons is conservative in the deeper band, as the core electrons do not involve the charge transportation in a process of chemical reaction [43] .
Band tails.
In amorphous states, the CN deficiency bends the energy bands near the band edges. This gives rise to the band tails occupied by localized states. The resultant of the conduction band tail and the valence band tail gives the Urbach edge appearing in the photoabsorption spectra [69] . According to the current model, the Urbach edge results from bond contraction due to the coordination deficiency. The deepened trapping potential due to coordination defects is responsible for the localization of carriers in band tails. Therefore, the enhanced interatomic interaction near the surface of a nanosolid should also produce such band tails. As expected, such Urbach edges can be identified from the photoabsorption spectra of InAs [13] , InP [11] and the XPS measurement of Si : H [66] nanosolids.
Other applications
The concept of surface-bond contraction has been incorporated into a number of other observations. For instance, the bandgap expansion of a nanometric semiconductor will lead to the reduction of dielectric constant and hence the blue shift of the photoabsorption edges of a nanometric semiconductor [30] . The spontaneous contraction of surface bond enhances the surface stress, which has an influence on the Gibbs free energy that determines the transition behaviour of the ferroelectric [70] and pyroelectric [71] properties of nanometric PZT oxides.
The bond contraction at surface has indeed enormous effects on various physical properties of nanosolids. A theoretical calculation conducted by Qian and Hübner [72] reveals that the Fe-W and Fe-Fe interlayer contracts by −10% compared to the corresponding bulk W-W and Fe-Fe interlayer spacings. Compared to the Fe bcc bulk moment of 2.2µ B , the magnetic moment for the surface layer of Fe is enhanced (i) by 15% to 2.54µ B for 1 ML Fe/5 ML W(110), and (ii) by 29% to 2.84µ B for 2 ML Fe/5 ML W(110). The significant surface relaxation of Fe(310) (−12%) [73] and Ni(210) (−12%) [74] has also been found to enhance the atomic magnetic momentum by up to 27%. The surface relaxation of the (110), (211), (311), (511), (331), and (221) surfaces of Al, Ag, Cu, and Pd has been found to lead to a shift in the frequencies of the surface states and to a change in the number and localization of the states [75] . It has been found that the vibrational free energy and the heat capacity of the step and the terrace atoms on Cu(711) surface are sensitive to the local atomic environment [76] . The vibrational contribution to the excess free energy of the step atoms near room temperature is a significant fraction of the kink formation energy. Batra [77] concluded that the Al(001) surface relaxation has an effect on the total bandwidth for the relaxed monolayer, which is about 1.5 eV larger than the value for the bulk truncated monolayer. The cohesive energy is increased by about 0.3 eV per atom upon relaxation.
The concept of surface-bond contraction may be extended to the fields of nano-acoustics, nano-magnetism, nanothermodynamics, and other size-induced properties. For instance, the spontaneous contraction of the bond enhances the bond stiffness [78] and hence the frequency of atomic vibration [79] [80] [81] . The exchange interaction between two magnetic momentum near the surface will be enhanced, which influence the Curie temperature and saturation magnetization of the entire nanosolid [82, 83] . The sum of the binding energy of a single bond over the CN of an atom determines the thermal energy required to melt this atom. This may enable the melting behaviour of nanosolids (such as compounds [84] , metals [85] , polymers [86] , inert gases [87] , and semiconductors [88] ) to be formulated. Further work towards a simple model to generalize the behaviour of nanosolid is in progress.
Model comparison
As illustrated in figure 8 , the differences among the models are the potentials in the Hamiltonian:
The intraatomic trapping, V atom , is responsible for the discrete energy levels of an isolated atom. V atom confines electrons moving inside the potential in the form of standing waves. The interatomic binding potential, or crystal field, V crystal , is crucial to binding atoms to form a solid, even a liquid. Without V crystal , neither crystal will form nor band structure is possible, as discussed earlier. Anyhow, V crystal can never be removed, or replaced with other alternatives in dealing with a system containing more than one atom. The binding energy for the e-h pair, V e−h , is about 10 −1 eV order [18] , which is negligibly small compared to the interatomic binding energy (1-7 eV) . Furthermore, the radiation recombination of the e-h pair occurs depending on the overlap extent of wave functions of the e-h pair. The localization length of a carrier, R 0 , is about several Bohr's radius [69] . The probability of e-h recombination is proportional to exp(−2r e−h /R 0 ) [69] . If the e-h separation, r e−h , is considerably large, the probability of the radiation recombination is very small. The correlation energy, V R , is a constant, which offsets the kinetic energy of the moving carriers.
Therefore, the traditional 'quantum confinement' theory for nanosolid appears to be too ideal and a modification is necessary. The following points need further attention:
• A simple adoption of V atom to V dot and an extension of the dimension from atomic scale to nanometric are too simple to represent the real situation in which numerous trapping centres are present inside the solid. A nanosolid cannot be simplified as a mono-trapping centre of dot size.
• An addition of the terms of V e−h and V R simply modify the quantum well depth of a box with fixed radius R.
• The involved dielectric constant ε r is no longer constant but it is also size dependent [29, 30] .
• e-h recombination can hardly happen when e-h separation R R 0 .
• It should be noted that e-h recombination is an event occurring inside the solid with intrinsic band structure. The band structure and e-h recombination are entirely different matters.
The current model adds the effect surface-bond contraction as a perturbation to the crystal potential of an extended solid without any assumption. We just need to consider the interatomic binding energy at equilibrium atomic separation. No particular form of the interatomic potential needs to be considered. From equation (15),
where represents the interparticle interaction which is negligibly small. As demonstrated, this extended quantum confinement incorporates into the crystal potential for bulk solid without involving the events of e-h recombination and the energy for bulk correlation, which is able to formulate not only the entire band-structure change (band-gap expansion, the core-level shift, the core bandwidth, and band tails) but also other applications [30, 64, 65, 70, 71] .
Conclusion
We have extended the quantum confinement theory by introducing the effect of surface-bond contraction to the convention of an extended solid without involving any assumption. It is obvious that the traditional quantum confinement theory is, at least, oversimplified, though it works in the first-order approximation in explaining the blue shift in the PL of larger particles (greater than several nanometres). In addition, we have shown that the conventional band theories are still valid for a nanosolid that contains numerous atoms. Actually, the quantum uncertainty principle indicates that reducing the dimension of the potential box enlarges the fluctuation, rather than the average, of the momentum or kinetic energy of the carriers. Therefore, solid size has little contribution to the kinetic energies of the localized carriers trapped inside the solid with multiple trapping centres, and hence the band-feature change does not arise from the confinement of the mono-trapping potential box. It is anticipated that the spontaneous contraction of chemical bond at the surface creates the size dependency of a nanosolid as all the detectable quantities are functions of interatomic binding energy. Therefore, surface-bond contraction and the rise in the surface-to-volume ratio with reducing particle size creates the change of the band features of nanometric semiconductors and corresponding properties such as the blue shift in the PL. 
